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Studies of vacuum distillation of metals have frequently resorted 
to the assumption of Raoult's law regarding liquid solution behavior. 
An experimental technique has been developed which readily yields in­
formation regarding deviations from ideal liquid solution behavior for 
binary metal systems. 
The relationships between liquid and vapor compositions of binary 
systems at low pressures have been developed for conditions of equilibrium 
and molecular vaporization, and the role of the vaporization coefficient 
has been demonstrated. The limitations of dynamic vapor pressure tech­
niques for the measurement of thermodynamic activities have been in­
dicated. 
The experimental part of the study consisted of two phases. Initial 
studies were made of the characteristics of the system in which evapo­
ration from an open surface took place. Studies were carried out on the 
importance of surface oxides or other contaminants ; the validity of 
Clausing factor corrections for the crucible; the degree of recondensation 
in the vapor space; the degree of reflection from the condensing sur­
face; the characteristics of small, curved evaporating surfaces ; and 
temperature uniformity in the system. 
By a unique method in which a series of alloys was simultaneously 
vaporized, the thermodynamic activity data for the lead-thallium system 
were obtained. The values for the activity of thallium were found to 
agree with e.m.f. data to within k%. Because both metals vaporized 
appreciably, determination of the vapor composition over each alloy was 
7 
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data from the simultaneous vaporization of the alloy series to calculate 
the thallium activities. Calculation of the lead activities directly 
was not possible because of the low vaporization rate of the lead in the 
thallium-rich alloys. 
The rate of vaporization of thallium indicated that the value of 
the vaporization coefficient was approximately unity. The agreement 
between the activity data of this work and those obtained by e.m.f. 
measurements implies that the value of the vaporization coefficient is 
not a function of liquid composition. 
For systems of metals having large relative volatilities, the 
method is capable, in principle, of providing activity data for a set 
of alloys by a single experiment. One of the major limitations of 
vapor pressure determinations of thermodynamic activities, namely the 
reproducibility from run to run, is thus eliminated. 
1 
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The purpose of this study was to develop an experimental technique 
for determination of the vapor-liquid equilibria of metal systems at low 
pressures (below 1 mm Hg). This information is of importance in deter­
mining the design and in evaluating the efficiency of vacuum distillation 
equipment# Past work in the vaporization of liquid metal alloys has 
usually assumed the validity of Raoult's law. However, experimental 
determinations of activity coefficients of metal alloys have shown appre­
ciable departures from ideal liquid solution behavior « Consequently, it 
becomes desirable to employ an experimental technique which will provide 
information regarding the extent of any deviations from ideal behavior. 
In addition, such a technique should be relatively simple in design since 
experience has shown that data of very high accuracy require exceedingly 
elaborate equipment and procedural precautions which are properly left to 
those concerned with determinations of basic thermodynamic data. 
The evaporation process has been studied in great detail since the 
initial work of Stefan (59) and Hertz (24). The results of such studies 
are of great value in understanding the principles of vacuum distillation, 
and one of the aims of this thesis is to incorporate the ideas which 
have resulted from such basic studies into a systematic and consistent 
treatment of vacuum distillation. In this respect, it is interesting to 
note the differences which exist in the treatment of vaporization processes 
by the various disciplines. For example, Burrows (8, p. 18) in hit; re­
cent text on molecular distillation states: 
"The evidence that is at present available however, 
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favours the theory that there is no tendency lor 
molecules to be reflected when they hit the sur­
face of a liquid consisting of the same material 
as the impinging molecules." 
which implies that the condensation coefficient is always unity. On 
the other hand. Knacks and Stranski (32, p. 134) state: 
"The aim of most of the experimental work is the 
accurate determination of the condensation co­
efficient." 
Most of the treatment here is in accord with the latter position, namely, 
that the condensation coefficient can be less than unity. 
The problem of applying equilibrium data to an actual distillation 
process is one which requires considerable discretion, and it is in 
fact possible that non-equilibrium data (net flow taking place) may in 
some cases be preferred to true equilibrium data, which relate no in­
formation regarding condensation coefficients. In the experimental tech­
nique of this study, the molecules leaving the liquid metal surface are 
totally (or almost totally) condensed. Under these conditions the system 
can be analyzed in a relatively simple fashion. However, larger scale 
distillation processes operate under conditions which do not permit total 
condensation and a more complicated flow problem must be analyzed. Con­
ventional approaches to this problem normally assume that the vapor at 
the surface of the liquid corresponds to the equilibrium vapor. However, 
it is quite possible that non-equilibrium at the interface may constitute 
a substantial part of the resistance to mass transfer and a brief treat­
ment of this problem is included in the theory section under interphase 
mass transfer. A brief treatment of the problem which considers diffusion 
in the vapor phase is also included. The relationship between the resis-
3 
tance to mass transfer at the evaporating surface, in the vapor phase 
and at the condenser is determined and the importance of the condensation 
coefficient is demonstrated in the result. 
The term 'condensation coefficient' has been used above because it 
is the most commonly used term for the fraction of molecules which stick 
on striking the liquid (or solid) surface. Because there is a logical 
distinction (which is not important to this study) between this term and 
the term 'evaporation coefficient', the term which will be employed in 
the remainder of the text will be 'vaporization coefficient', which does 
not distinguish whether the process is one of evaporation or of conden­
sation. 
xnjyjtt£»i-LUtt-u 
The purpose of this section is to introduce the fundamental princi­
ples on which a better understanding of multicomponent vaporization can 
be based. Since there are many ways to approach this subject some open­
ing remarks regarding the distillation process will be made in order to 
give perspective to the material which follows. 
Molecular Distillation 
Burrows (8, p. 1) in his text on molecular distillation states : 
"the number of different definitions of the process 
is roughly equal to the number of individuals 
operating it." 
The reasons for disagreement are for the most part related to the fact 
that no sharp dividing line is readily obvious between ordinary and 
molecular distillation. Although Burrows describes several of the pop­
ular definitions, none of these is entirely satisfactory. Later it will 
be shown that a gas kinetics analysis of the vapor phase does in fact 
provide a very logical distinction for the process of molecular distill­
ation. For present purposes however, it should suffice to say that in 
the vacuum distillation under consideration here, it is possible to 
obtain the condition in which most of the molecules leaving the liquid 
surface reach the condenser on their first departure. 
In conventional distillation the pressure at the surface of the liquid 
is so high that most of the evaporating molecules return to the liquid sur­
face many times before reaching the condenser. Consequently, the rates of 
distillation under molecular distillation conditions are much greater 
than those obtained for conventional distillation. 
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Normally, distillation is used to separate components of different 
volatility. From a knowledge of the chemical potentials in the liquid 
and vapor phases, together with vapor pressure data of the pure com­
ponents it is possible to predict the composition of the vapor which would 
be in equilibrium with liquid of a given composition. Most frequently, 
the activity data are not known for the liquid and vapor phases and it is 
necessary to obtain vapor-liquid equilibrium data. Experience in obtain­
ing such data has shown that it is very necessary to effect intimate 
mixing of liquid and vapor in surroundings of very constant temperature. 
The data so obtained can then be used to determine the number of equi­
librium stages necessary to achieve a desired separation. When the dis­
tillation process itself does not attain equilibrium in the relatively 
short time of liquid-vapor contact, more steps are needed to produce 
the same separation. 
The molecular distillation utilizes conditions which differ consider­
ably from those just described. The vapor and liquid never come into 
intimate contact and it would appear that the only important design data 
would be the description of the vapor leaving a liquid of a given com­
position. The question then arises: is the composition of the vapor 
leaving the liquid (and being totally condensed) any different from the 
composition of the vapor in equilibrium with the liquid under the steady-
state condition previously described. For the case of a non-ideal vapor, 
the équilibrant and molecularly evaporated vapors will not have the same 
composition as can be seen from the following argument. The ratio of 
the mol fractions of two components of an ideal vapor, (y^/yg) is related 
(at equilibrium) to the ratio of the liquid mol fractions (x^/xg) by 
6 
the following equation: 
It , vl rA a) 
Î'B Pg VB 
where p° is the pure component vapor pressure and Y the liquid phase 
activity of the subscripted component. Equation 1 also gives the com­
position of the vapor for molecularly evaporated vapors (total conden­
sation) regardless of the ideality of vapor phase. For a non-ideal gas 
under équilibrant conditions, Equation 1 becomes : 
yA4>A = P°A r A~k (2) 
yB 4>b p°b Y b*b 
where is the vapor phase activity coefficient. Therefore, for I 
the value of (y^/y^) would differ from that obtained from Equation 1» 
For systems having nearly ideal vapors however, it is quite possible that 
the vapor leaving the surface of the liquid initially is identical in 
composition to the equilibrium vapor. The following theoretical con­
siderations will resolve this question, unfortunately in terms of char­
acteristics of the liquids which are not generally known (namely, the 
vaporization coefficients). The experimental section will then des­
cribe the results of an investigation of this question for a binary 
metal alloy. 
Theoretical Rate of Evaporation 
Kinetic theory provides a derivation for the relationship between 
the pressure which a perfect gas exerts on a surface and the rate at 
7 
which molecules swise mat sutacsuw; 
W = rate/unit area = k p^/M/T (3) 
p = equilibrium pressure or vapor pressure 
M - molecular weight 
T = absolute temperature 
k = proportionality constant 
This includes the assumption of a Boltzman distribution of velocities, 
and that the molecules behave as rigid spheres which occupy no signifi­
cant volume and which exert no forces other than those associated with 
simple collision. 
If a liquid exists in static equilibrium with its vapor, the rate 
at which molecules strike the liquid surface is given by Equation 3* 
This assumes only a single component in a system which otherwise would 
be a vacuum. If all of the molecules which strike the liquid surface 
condense, Equation 3 gives the absolute rate of condensation; at equili­
brium that is equal to the absolute rate of evaporation. This quantity 
would also be the net rate of evaporation of the substance into a vacuum 
provided that all of the evaporated molecules could be condensed. 
The Vaporization Coefficient and Its Effect on Vapor-Liquid Equilibria 
It is possible that all of the molecules striking the liquid sur­
face do not condense. The fraction which does condense is termed the 
vaporization coefficient, a , and Equation 3 becomes: 
w = rate/unit area * k^/M/T ap (4) 
a is also called the condensation coefficient, the evaporation coefficient, 
8 
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efficient. It should be emphasized that <X is of greater significance 
than merely the fraction of molecules which are retained by the con­
denser. It is in fact a quantity which is very closely related to the 
mechanism of evaporation and considerable work (26, 32) has been con­
ducted to predict values of a , especially for evaporation from crystals 
where theoretical treatments are more fruitful. 
An appropriate question would now be: does a< 1 affect equilibrium? 
In the case of static equilibrium the value of p is based on the number 
of molecules per unit volume. The absolute rate of evaporation of com­
ponent i is given by: 
= k/Mj/T a^Pi (5) 
which is the absolute rate of condensation (no net flow). However, there 
are also molecules striking the surface of the liquid which reflect, 
namely 
= k^Ç/T (1- <%i) pi (6) 
Consequently, any measurement which depends on the concentration per unit 
volume of molecules corresponds to (or the total flux at the surface) 
which is equal to (w^ + w^), and is identical to W in Equation 3. 
Since S does not enter into this equation it can be seen that a< I 
does not affect such an equilibrium measurement, 
Any experimental determinations of vapor pressure based on pressure 
exerted by the vapor against the wall or rate of escape through an orifice 
in the wall result in the type of pressure determination which was just 
shown to be independent of <* (assuming of course, that the system is in­
deed at equilibrium, a matter which continues to receive considerable 
9 
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the only case in which a is of importance is in the initial unsteady 
state portion of the evaporation and in vapor pressure determinations 
based on the measurement of absolute rate of evaporation from the surface. 
In order to preserve the Maxwellian velocity distribution it is 
necessary that 6 be independent of the vector velocity of the molecules. 
However, the vaporization coefficient would reasonably be expected to be 
a function of the type of molecules and the liquid surface condition 
(temperature, composition, surface tension)(55)• 
The Relationship Between Vapor and Liquid Compositions 
for a Molecular Distillation 
If, for a molecular distillation, there is total condensation of 
the molecules leaving the liquid surface, then for a binary system (the 
same principles would apply to a raulticomponent system): 
WA * kVfcA/T aA PA (?) 
«g « k-v^g/T a b PB (8) 
The terms here have the same meaning as in Equation 4 but refer to the 
individual components. The terms pA and Pg are therefore the partial 
pressures of components A and B. In general the partial pressure of each 
component (p1) is equal to the product of the pure component vapor pressure 
(pÇ) » the mole fraction of that component in the liquid (x^) and the 
activity coefficient ( Z^). If a * 1, then: 
"A = rkxk (9) 
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w
~ = **«3,* Pg / 
and 
w 
XA * — (11) 
kVM%/f po xA 
y = wb 
B (12) 
kVÎVT *B 
This indicates that a measurement of the rates of evaporation of each 
component would determine the activity coefficients for the system, since 
the terms in the denominator of Equation 11 are usually known. However, 
if a £ 1, and if the deviations were introduced into the activity co­
efficient, the actual activity coefficients would be related to the 
measured values by: 
Vctual - V°A to) 
^ *ctuel . rB/aB (14) 
Consequently, the method of Langmuir is not applicable to thermodynamic 
studies of systems where a jfc 1 unless 0 is known. In this case it would 
still be possible that a = a ^ x^) and experimental determinations of 
the vapor composition would be virtually unavoidable in order to describe 
the system. 
Interphase Mass Transfer 
Chemical engineering operations concern themselves to a large extent 
with the transfer of heat, mass and momentum between phases. Virtually 
all of the work in the study of these transport phenomena is concerned 
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with the diffusional transfer within one or more ox x,ne pu»ac». lovi vlj 
assumed in most of these studies is the existence of equilibrium at the 
interface. Although superficial consideration of the processes involved 
would generally justify this assumption, the actual importance of such 
deviations could never be determined since most of the experimental tech­
niques would tend to attribute any such deviations to one of the phases. 
The reason for the introduction of this subject is that theoretical con­
siderations indicate that at low pressures and at high fluxes, there may 
be deviations from the assumed equilibrium at an interface. A few ex­
perimental studies (1, 55» 61} though not entirely satisfactory for the 
precise determination of these deviations, indicate in a very approximate 
fashion deviations in mass concentrations at a vapor-liquid interface 
of yj» based on a = 1, which corresponds to a large mass transfer re­
sistance for a« 1. Because the conditions of low pressure vaporization 
resemble those at which these interphase deviations become important and 
because the results of this analysis provide an accurate definition of 
molecular distillation, the following brief treatment is included. 
FVom the simple theory of interphase mass transfer (12) it is possible 
to calculate the mass rate of flow of molecules toward a liquid surface 
under the assumption that the velocity distribution of a uniform gas in 
simple mass motion exists at the surface: 
00 CO 0 
wo_ « f f f m U fQ dU dV dW (15) 
—•fly -»CD"*C0 
w = rate of mass flow per unit area 
m = weight of a molecule 
D, V, W = components of molecular velocity 
f = velocity distribution runciion 
subscript o refers to the properties of the vapor at the interface 
subscript - indicates flow toward liquid surface 
Assuming a Maxwellian distribution of velocities with uniform flow, UQ, 
corresponding to the rate of mass transfer, Equation 15 becomes : 
-J f / 4. [(D-v2-2-2]d0irdW(16) 
P * molal density 
£ =yM/2RT (R is the perfect gas constant) 
The integration yields s 
W°- = {*"^U° ™^oUoir[l- * (£0U0 )]} (17) 
$ = probability function 
(for details see Schrage)(55)• 
Denote the expression ^ as in Equation 17 J" by F . 
Since Equation 3 can be rewritten : 
w . = P s 
2 T1/2 P 
s+ lb A (18) 
s 
subscript s refers to properties of liquid 
The following result is obtained: 
1/2 
"o = -?° (r> r "«• <19) 
S 1s 
The rate of mass transfer ,w, at the liquid surface is tha difference 
between the absolute rates of condensation and vaporization and is given 
by : V2 
w = a  w^ -a 4 ° ( i ~ )  T w (20) 
rS s ^ 
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This differs from the expression frequently employed : 
w = k Vm/t (pg - Pc) (21) 
in that the temperatures of vapor and liquid are assumed identical and F 
is taken as unity. Schrage shows that even for the special case of no 
intraphase heat transfer in the gas, the assumption of identical temp­
eratures is probably not satisfactory except as (w/wg) approaches zero. 
The more complex theory of interphase mass transfer attempts to 
determine a more realistic velocity distribution function at the liquid-
vapor interface. On the basis of this distribution function the mass, 
momentum and energy transport in the non-uniform gas are determined. 
Since the rate of mass transfer must be the same in the non-uniform gas 
as it is in the uniform state which it finally assumes, it is possible 
to evaluate the dimensionless rate of mass transfer: 
v <22) 
*1 -
subscript 1 refers to properties of uniform gas 
Consequently it is possible to determine the interphase mass transfer for 
any given value of ^ Corresponding values of T]_/Tg and P~J p 8 can 
also be obtained. Particularly interesting is the mathematical result 
that given rates of heat, mass and momentum transport in the uniform gas 
define an which is related to ^  as follows : 
f !2-( + 5/2) . v (23) 
+ 1/2) 
Solving this for 9-^ shows that there is maximum value for '/ ana a corres­
ponding critical value of This then determines a maximum value for 
(w/ws). Grout (12) has shown that at the critical point the velocity of 
the uniform gas is equal to the velocity of sound in the same (stationary) 
gas. This result then indicates that there is a definite distinction 
between the process which is being discussed and the conditions which re­
late to molecular distillation. Since it is possible under conditions of 
molecular distillation to obtain rates higher than the critical rates deter­
mined for the interphase mass transfer process it would appear that this is 
a logical dividing line between the two processes. Consequently an ap­
propriate definition of molecular distillation would be the process where­
by the molecules are condensed before they attain a uniform velocity dis­
tribution. Under conditions where a uniform gas does become established, 
the preceeding analysis applies. No lower limit does exist for such an 
analysis since it is valid for the limiting condition of complete vapor-
liquid equilibrium with no net flow. 
Effect of Diffusional Resistance in the Vapor Phase 
Consider the situation in which a vapor leaves a liquid surface by 
evaporation, must diffuse to the condenser through an inert vapor and sub­
sequently be deposited on the condenser, It is normally assumed that the 
partial pressure of the vaporizing species at the surface of the liquid is 
equal to the vapor pressure corresponding to the liquid temperature, and 
that the partial pressure at the condensing surface is negligible. 
In order to check the above assumptions, a comparison must be made 
of the three expressions for the fluxes at the liquid surface, through 
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the vapor and at the condensing surface: 
net rate of evaporation: Q.0583VM/T a(p^-p^) 
rate of diffusion in vapor space: -D M (dc/dx) 
or -D M (pc-Po) 
82.06 x 760 x T X 
D = diffusion coefficient 
Pc = pressure of vapor at condenser 
X = distance to condenser 
rate of condensation: 0.0583VM/T <*(p _o) 
c 
Solving for (P,-Pg) and p^: 
P'-P= ' P= " (P"x~ <»> 
In c.g.s. units, the value of D is approximately 0.1, the values for 
^/M/T and X are taken as 0-5 and 1 respectively. These yield the 
result that for a = 1 Pg-P0 is 1°"^ to 10~^• However, values of O 
Po-Pc 
have been reported as low as 10"^ and (in one case) 10"? (see p.17) 
which would then produce the result that the resistance at the phase 
boundary is of significance for low values of <*. 
In light of the preceding discussion on interphase mass transfer 
the above expressions are only approximations for evaporation and con­
densation rates. The expression for diffusion rate is likewise an approxi­
mation and Dgvey (13) has treated this more carefully for the two cases 
of isothermal and adiabatic diffusion. 
16 
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Previous studies pertinent to the vacuum distillation of metals 
are conveniently divided into the areas of basic and applied work. The 
former area includes the investigation of the mechanism of evaporation 
and vapor pressure measurements at low pressures together with the 
limitations of these measurements. Applied studies deal with the methods 
of efficiently conducting separations by vaporization at low pressures, 
and the effectiveness of such methods for particular systems. 
The earliest scientific investigation of the evaporation process 
was conducted by Stefan (59) in 1873. However, his treatment of evap­
oration as a diffusional process could not explain the small rates of 
evaporation obtained for water. Hertz (24) attempted to eliminate the 
effects of diffusion and directly measure the rate of phase change. 
Theoretically he determined the maximum rate of evaporation to be: 
i * ns (molecules/cm2-sec) (25) 
where v is the mean velocity of the vapor molecules and ng the equilibrium 
concentration of the vapor. Experiments with mercury gave rates equal 
to approximately 10 percent of the theoretical values. 
Subsequent work was conducted by Knudsen (33) who achieved theoreti­
cal rates of evaporation from mercury droplets and extended the theoretical 
considerations to include the vaporization coefficient, <2 . Incorporation 
of S into Equation 25 together with a term for the pressure of the vapor 
at the condensed surface (n) gives what is often called the Hertz-Knudsen 
equation : 
i = O J (ns - n) (molecules/cm2 -sec) (26) 
17 
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received considerable attention. Although some very ingenious techniques 
have been devised for measuring S , the data are not sufficiently com­
prehensive regarding its variation with temperature and substance. Many 
workers have attempted to make a = 1 plausible and the statement is fre­
quently made that for metals the vaporization coefficient is close to 
unity. However the experimental studies to determine <Z provide strong 
evidence that its value can differ appreciably from unity, and brief 
mention of this work follows. 
For substances whose vapor pressures are known, the use of the 
Langmuir method provides a value for the vaporization coefficient. Mel­
ville and Gray (47) measured a vaporization coefficient of 10to 10~9 
(305 to 408 °C) for red phosphorus. Volraer and Esterman (63) measured 
the rate of evaporation of mercury between -64 and 59 °C. The value of 
O for liquid mercury was 1+0.07 « Below the melting point (-39 °C) 
the value dropped gradually to a value of 0.85 at -64 °C. Rossmann and 
Tarwood (53) determined Q = 0.1 (1000-1500 °C) for silver and a « 
0.4 (1200-1600 °C) for gold. 
Vessel (65) employed a mechanical torsion technique to determine 
the vaporization coefficients of cadmium and silver. A rectangular box 
made of the metal to be studied, vith an off center hole in each of two 
opposite sides is suspended from a thin wire. If the vaporization co­
efficient is unity, the torque due to the saturated vapor effusing ffrom 
the two holes is equal to the torque due to the recoil against the metal 
wall. When the vaporization coefficient is less than unity, a deflection 
is observed. Values obtained for a just below the melting points were 
18 
0.996+0.02 for cadmium and <2 >0.92 for silver « 
An electric balance employing the evaporation pressure principle 
vas employed by Metzger and Miescher (48). The apparatus permitted 
simultaneous determination of evaporation pressure and rate of evap­
oration. Knacke and Stransti. (32) summarize the results of Metzger 
and Miescher's work as follows: Tellurium evaporates at 320 °C as Te2, 
which is the form in which it occurs in the vapor, with <% ~ 0.4, and 
M (apparent molecular weight) = 261+16 compared to M° (true molecular 
weight of Teg) * 254. Seleniium evaporates at 180 °C with @ 1 as 
90 percent Se^ and 10 percent Se2» corresponding to the composition of 
the vapor, M = 444+30 compared to M° = 443. Sublimate evaporates as 
HgClg at 50 °C with ft"" 0.6, M * 268+86 compared to M° * 271.52. Calomel 
evaporates at 200 °C with CEW 0.1 as Hg and EgClg corresponding to the 
vapor composition M * 229+16 compared to H° = 236. Arsenic shows a 
strange behavior, seeming to evaporate even at low temperatures, pre­
ferably as Asj^ molecules. At 260 °C it evaporates uniformly as 70 per­
cent A$2 and 30 percent As^ , G being approximately 0.05. Up to 530 oC 
the vapor contains practically only Asjjj, molecules; M = 197+20 compared 
to M° = 299.6. 
Birth and Pound (26) have presented a theoretical treatment of 
evaporation and condensation coefficients and their work introduces an 
interesting question regarding the definition of the vaporization co­
efficient, In their work they discuss entropy effects, activation energies, 
adsorption, and several other factors which would affect evaporation rates. 
Most of these factors appear to be logically coupled to the nature of the 
phase change. However, they treat the problem of diffusional control as 
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one which can be ascribed to the vaporization coeuiciem-. liiio 
does not appear to be logical. Ackerman, et al. (2) stress the impor­
tance of an irreversible thermodynamics approach to the problem of 
vaporization coefficients. 
Knacke and Stranski (32) discuss the theory of evaporation and the 
statistical calculations of evaporation probability. This work is an 
excellent review of the work on evaporation from crystals and the con­
cept of stepwise evaporation. 
Vapor pressure studies at low pressures have been quite numerous 
and many reviews have appeared since Kelley's (31a) first compilation in 
1935* Bushman's (16) revised edition of "Scientific Foundations of 
Vacuum Technique" (1962) includes the recent vapor pressure data of 
elements and compounds together with dissociation pressures for many 
oxides, hydrides and nitrides. "Selected Values" (29) which is kept up 
to date by replacement sheets is also an excellent reference on vapor 
pressure data and this work tabulates pressures of each of the species 
for the elements which vaporize as mixtures of associated species. 
Martini (45) gives vapor pressure data which are not presented in the 
above works. 
Several texts have described the techniques for vapor pressure 
measurements including those of Wagner (64), lamsden (38b)5 Kubaahewski 
and Catterall (34), Kubashewski and Evans (35a)> Campbell (9), and Bockris, 
et al. (?). 
At pressures below 1 mm Hg, the best known techniques are the 
transpiration (also called entrainment or transportation) effusion 
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method which can be very effective with the use of radioactive tracers, 
and the optical absorption method which will require additional refine­
ment. The use of the mass spectrograph is quite common for systems with 
complex vapor species. 
A rather careful discussion of the dynamic techniques is given by 
Speiser and Spretnak (56) and also by Margrave (41). The reader is 
referred to these articles for the fundamentals of these methods. limi­
tations of both the Knudsen and Langmuir techniques are numerous and the 
more important problems will be briefly discussed. 
In order to calculate vapor pressures from rate of evaporation data, 
the molecular weight of the evaporating species must be known. Mass 
spectrographs and optical absorption methods could be employed to deter­
mine species, but a much simpler solution was provided by Mayer (46) 
and Volmer (62) in the torsion-effusion method. The method was also 
employed by Neumann and Volker (51) and by Wessel (65) (who also utilized 
the technique for determination of the vaporization coefficient). Gilles 
(18a) proposes several Instruments for identification of gaseous species. 
These include momentum detectors, velocity selectors, molecular beam 
spectrometers, microwave spectrometers, field emission microscopes, 
differential thermal analysis (tuenaograviastric analysis instruments) 
and electron diffraction apparatus. 
The limitations of the Knudsen method are still subject to some dis­
agreement. Clausing factor corrections have been modified by Whitman (66) 
and Motzfeldt (50) who considered the channel effect of the body of the 
Knudsen cell. In contrast, Thorn (60) points out that about 95 percent 
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from the bottom of the cell, and therefore the channel effects are not 
very great. Carlson (10) has discussed the degree of vapor saturation 
in a Knudsen cell. However, the treatment becomes so involved that he 
does not incorporate it into the interpretation of his own data. 
The major limitation of the Langmuir technique is that the value 
of the vaporization coefficient must be known. Marshall et al» (42) 
used a technique in which holes were drilled in the evaporating specimen. 
This should result in an increased evaporation rate if cc is much less 
than unity. Another problem associated with the Langmuir method is that 
optical determination of the temperature is sometimes difficult due to 
variation in emmision characteristics during the experiment. 
Speiser and Spretnak (56) describe the studies of vapor pressures 
over alloys. All of these involve the determination of the vapor pressure 
of a single volatile component over the alloy. Schadel et al. (54) 
determined the vapor pressure of silver over silver-gold solid solutions. 
Thermodynamic activities computed from effusion measurements agreed sat­
isfactorily with extrapolated electromotive force measurements. That 
solid state diffusion did not affect the vapor pressure measurements is 
notable. 
The most recently reported work on optical absorption in metal vapors 
appears to be the paper of Cosgarea, et al. (11). The relative pressure 
of Big was measured over two lead-bismuth alloys. The details of the 
evaluation of the activities are not given. Agreement with e.m.f. measure­
ments is good. 
Alcock and Hooper (3) have developed a semimicro version of the 
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and at temperatures as high as 1600 °C. These authors propose that 
the use of the transportation experiment in conjunction with the Knudsen 
cell is a solution to the species problem for simple systems. 
There is one additional area of fundamental study which deserves 
consideration in a discussion of vacuum evaporation and that is the 
investigation of evaporation at higher pressures. In the work described 
above the experiments were performed under conditions in which the 
material vaporized into a vacuum (except for the transportation method) 
and the vapor pressure was sufficiently low to permit escape of the 
molecules from the surface without any appreciable partial pressure at 
the condensed surface. As vapor pressures approach 1 mm Hg, it becomes 
increasingly difficult to establish these conditions. Two factors then 
assume considerable importance, namely, the value of the pressure of the 
vapor at the surface and the lowering of the surface temperature due to 
the high rate of vaporization. 
Attempts have been made to predict the pressure of the vapor at the 
surface under these conditions, and some of the experimental and theoreti­
cal work in this area, sometimes called interphase mass transfer, will be 
briefly reviewed. Stefan (59) performed the earliest study which in­
volved this problem when, in 1873. he measured gas phase diffusivities 
in a system which involved mass transfer from a liquid phase into the 
vapor. He assumed that equilibrium existed at the surface but be stated 
that this might not always be the case, and he suggested that under the 
conditions of his experiment the difference between the equilibrium vapor 
pressure and the actual pressure of the vapor at the surface might be 
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proportional to the rate of mass transfer. Mache (39) employed such a 
proportionality in 1910 when he defined a vaporization coefficient KQ 
by the equation 
w = K0(ps - p) (27) 
Shortly after the initial work of Mache, Lewis (37) and later Whit­
man (67) presented the 'film theory* for mass transfer across contacting 
phases. This theory accepted the concept that interphase equilibrium 
existed at the surface. However, Nusselt in 1930 realized the implication 
of Hache's experiments to the adequacy of the assumptions in the film 
theory, and suggested a study of this problem. Ackerman (1) performed 
this investigation, and established appreciable departures from equili­
brium at the phase boundary during mass transfer. He indicated that 
Equation 27 was limited to low rates of mass transfer, and that at higher 
rates a limiting maximum value of the departure from equilibrium was 
attained. He contended that ordinary engineering operations were con­
ducted in this higher range of mass transfer rates and tabulated values 
for the ratio of equilibrium vapor density to actual vapor density for 
water from 11 to 58 °C. The ratio ranges ffrom 1.18 (11 °Q to 1.70 (58 °C). 
Alty and coworkers (4, 5) investigated the evaporation of water and 
carbon tetrachloride by evaporation from droplets. The surface tempera­
ture was determined from the size of the droplets, which is a function 
of surface tension which is in turn a function of temperature. These 
workers determined undersaturations of the vapor of 5 to 40 percent at 
temperatures of 0 to 60 °C (surface temperatures of -8 to 23 °C) corres­
ponding to vapor pressures of 3 to 16 mm Hg. The vaporization coefficient 
of water was determined to be 0.036 and that of carbon tetrachloride to be 
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between water vapor and liquid water) and was found to be unity. Con­
sequently, although 96 of every 100 molecules which strike the water 
surface reflect, all of these attain thermal equilibrium with the surface 
before reflecting. 
Infra-red radiation measurements of the surface temperatures of water 
were employed by Hammeke and Kappler (20b). They determined a = 0.045 
and found the rate of evaporation to be proportional to the pressure 
difference. The range of undersaturations was 0.1 to 2 percent and 
pressure differences were 0.02 to 0.4 mm Hg. 
Rates of evaporation during boiling were measured by Mache (40) 
and Pruger (52). The surface temperatures exceeded the boiling point of 
water by 0.01 to 0.05 OC, corresponding to a pressure difference of 0.27 
to 1.3 mm Hg. Evaporation rates were in the range of 0.0? to 0.13 mm/ 
mln and undersaturations with respect to the surface temperatures were 
0.04 to 0.18 percent. 
The treatment of interphase mass transfer on a rigorous theoretical 
basis was first studied by Grout (12). A brief discussion of this theory 
was given in the preceding section. The treatment was extended to poly­
atomic gases by Qiddings and Grout (17)* Finally, Schrage (55) reduces 
sane of the assumptions of the earlier theory» He also shows that at 
ordinary pressures (based on data of Gilliland and Sherwood (19)) the 
deviations from equilibrium at the surface are not appreciable. However, 
analysis of seme data at reduced pressures (Tucker and Sherwood (61)) 
indicates that the departure from equilibrium at the phase interphase 
ranges from 0.8 to 3*0 percent of the total driving force for transfer 
between the liquid and gas phases. The autnor states that îr inter­
racial nonequilihrium were only of this order of magnitude for these 
experiments, it might well be neglected. However, the actual departure 
from equilibrium may be considerably greater if the vaporization co­
efficient is not equal to unity. In fact, if <8 = 0.04 for water (Schrage 
did not feel that this had been conclusively demonstrated), then the 
driving force across the phase interface may amount to all of the driving 
force noted by Tucker and Sherwood. 
The most comprehensive applied work in the study of vacuum dis­
tillation of metals has been conducted by the Bureau of Mines. This work 
began in about 1944 and concerns itself primarily with research on 
selective vacuum distillation as a technique that might be applied gen­
erally in separating and refining metals. 
Spendlove (57) describes the progress in the Bureau of Mines studies 
to 1954. The background material is very brief, vaporization coefficients 
are disregarded and Raoult's law is assumed for all calculations. Several 
small experiments are described, such as the visual observation of vacuum 
distillation of zinc, the effect of pressure on rate of evaporation, the 
effect of pressure and power on the character of the condensate, liquid 
vs. solid condensation and surface temperature during distillation. Un­
fortunately, very incomplete data are presented. The most conclusive 
result was that obtained for surface temperature drop. The calculated 
value of the temperature gradient agreed very well with measurements of 
the temperature gradient. For a rate of 1 gm/cm2-min the temperature of 
the surface was nearly 60 degrees C cooler than a point 2 cm below. 
Several metal alloys were vaporized, but no attempt was made to 
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interpret the data in terms of thermodynamic pru^e* 
of condensate and residue are presented to indicate the degree of sep­
aration. Cadmium and zinc were selectively removed from lead at 600 °C= 
Magnesium and tellurium were depleted but the condensates contained large 
portions of lead. Bismuth and antimony were not removed from lead. Cad­
mium, zinc, magnesium, bismuth and lead were selectively removed from tin, 
while tellurium and antimony were not. Spendlove states that the major 
drawbacks in the application of vacuum distillation of metals are: 1) oper­
ations must be on a batch basis ; 2) transfer of heat into a vacuum system 
on a practical scale is difficult; and 3) the selection of construction 
materials is limited. 
Articles of a review nature have appeared by Martin (10.) and St. Clair 
(56) both of which treat the elementary principles of vacuum distillation 
of metals, Martin's article includes a treatment of equipment require­
ments . 
In i960 a text by Burrows (8) appeared on molecular distillation. 
Although not written specifically for metal distillation, it is to date 
the best summary of the important principles of vacuum distillation. The 
approach is not as rigorous as it might be in the theoretical sections. 
However, the treatment of batch molecular distillation is excellent and 
some very helpful information is given on vacuum technique and mechanical 
design. An extensive bibliography is included. 
Davey (13) has described work on distillation of zinc from lead at 
higher pressures where the distillation is not molecular. He discusses 
the theoretical problem and states that an analytical solution is not 
possible but that the mathematical description can be carried out by trial 
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and error. 
The following metal systems have been studied to determine the 
effectiveness of distillation as a separations technique. Purification 
of beryllium by Martin (44) and by Hooper and Keen (28), vacuum leaching 
of aluminum from Al-Si alloy by Spendlove (57), the volatilization of 
fission products from molten and solid Th-U alloys by Milne and Young 
(49), and the separation of polonium from bismuth at Mound Laboratory (15). 
The application of vacuum distillation of metals to radiochemical 
separations has been discussed by DeVoe (14). Some work has also been 
carried out on the separation of isotopes by molecular distillation, 
since the volatility is a function of molecular weight under these con­
ditions. Kuipers and Trauger (36) studied such a separation of lithium 
isotopes. 
As a conclusion to this review, the major references pertinent to 
vacuum distillation will be mentioned. All of these include at least 
100 references and together these reviews cover most of the work before 
I960. The works of Knacke and Stranski (32), Schrage (55)» and Burrows 
(8) have already been mentioned. Bockris et al. (7) and Dushman (16) 
have presented very valuable references on technique. Finally, the most 
recent review of high temperature chemistry has been presented by Gilles 
(18b), in the I96I Annual Review of Physical Chemistry. 
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The experimental work consisted of two phases. Initial studies were 
concerned with the design and testing of a vaporization cell which could 
be used to obtain information regarding deviations from ideality of a 
given liquid metal alloy. Because it is important to obtain nearly com­
plete condensation of the vapor leaving the liquid surface, the design 
of the system permitted the variation of those parameters which were 
believed to affect the degree of condensation. Although the system used 
for the study of lead-thallium alloys (the second phase of experimental 
work) was modified as a result of earlier work, only the final form of 
the apparatus will be treated in the following section. 
Apparatus 
Figure 1 is a diagram of the apparatus after several modifications. 
It consists of a vycor tube which holds the crucible containing the metal 
to be vaporized. At the top of the tube is a tapered joint, the inner 
portion of which holds the condenser. The air-cooled condenser extends 
down into the outer tube to a point 2 cm. above the crucible, and provides 
the surface on which the metal vapors condense as a solid. 
A mechanical fore pump and an oil diffusion pump are used to evacuate 
the vycor vaporization cell to a pressure of lO"** to 10^ nan Hg. A 
resistance furnace surrounds the lower portion of the cell, and a Brown 
P^rovane controller is employed to maintain constant temperature» 
A graphite cylinder, l** in diameter with several £" holes (usually 
six) contains the metal slugs to be vaporized. The cylinder has a hole 
Figure 1. Diagram of vaporization cell 
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well in the bottom of the vycor tube. The tip of the measuring thermo­
couple (chromel-alumel) is at a height above the base of the metal slugs. 
A control thermocouple is placed at the bottom of the vycor tube and 
adjacent to the furnace wall to permit rapid response to temperature fluctu­
ations . The heated area is insulated to permit conditions of constant 
temperature to be maintained. 
The temperature is recorded on a Brown Electronik strip-chart re­
corder and occasional checks made with a Leeds and Northrup 8691 milli­
volt potentiometer. Temperature fluctuations are readily kept to + 2 °C 
and with care can be maintained within + 1 °C. The system can be oper­
ated at 800 °C. Higher temperatures are not recommended for vycor under 
vacuum. Pressure in the system is measured with an SRC ionization gauge. 
The best attainable vacuum is 9 x 10""^ tm Hg. 
Some of the features of the system include the provision for con­
densers of different length to permit variation of evaporating surface 
to condenser distances from 0.5 to 5 cm. Condenser temperature can be 
varied by adjusting the flow rate of air, and in addition one condenser 
is provided with supports for a metal foil in order to determine whether 
the character of the condensing surface can influence the degree of con­
densation. It is also possible to rotate the condenser while the system 
is at operating conditions. This would permit condensate during different 
periods of the run (heating and cooling, constant temperature) to be 
collected separately. However, this is only feasible when evaporation 
takes place from an orifice since evaporation from an open surface (even 
of small area) covers too large an area of the condenser. 
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The procedure for a run was as follows. The system without the 
vycor cell mounted was evacuated to below 10~3 nan Hg (which took only 
a few minutes). The metal was cut, weighed and placed in the graphite 
crucible, which was then placed in the vycor tube. The vycor tube was 
connected to the vacuum system, the diffusion pump was isolated and 
the fore pump reduced the pressure in the vycor cell to 10""^ mm Hg. 
The diffusion pump was then used to evacuate to 10to 10"^ mm Hg. 
The system was then heated to 50 °C above the temperature of the run 
and allowed to come to equilibrium at the operating temperature. This 
heating period (less than i hour) served to degas the system and pro­
duced equilibrium conditions in a period considerably shorter than would 
be required by a gradual approach to the temperature of the run. 
The system was maintained at constant temperature for the desired 
period of time at the conclusion of which the heater was removed and 
the system permitted to cool to room temperature. Solidification of 
the metal occured within five minutes. 
Evaporation rates were determined from weight loss and also from 
chemical assay of the condensate (either the pure metal or both components 
of the alloy). For the vaporization of alloys, top and bottom samples 
of the metal slug were taken for analysis to insure uniformity. The pro­
cedure used for chemical analysis of lead-thallium alloys is given in 
the Appendix. Preparation of alloys provided no difficulty. 99®99+^ 
lead and 99.95+# thallium were used. The spectrograph!c analyses of 
these metals are given in the Appendix. The lead and thallium were 
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thallium on top. After a single melting, a homogeneous alloy was ob­
tained. To be certain however, the slug was inverted and remelted an 
additional one or two times. 
Since the amount of metal vaporized during the heating and cooling 
periods was appreciable (corresponding to 0.1 to 0.5 hours evaporation 
at the equilibrium temperature), it was necessary to correct for this 
quantity. Consequently, three runs were made for each alloy. The first 
run consisted of the heating and cooling periods only, the second in­
cluded a one hour steady-state period and the third included a four hour 
steady-state period. The unsteady state weight loss is then subtracted 
from the weight losses corresponding to the one and four hour (at 
equilibrium temperature) runs and the ratio of the remainders is ob­
tained. If the ratio is four, this indicates that the system is at 
equilibrium as soon as the temperature reaches the operating temperature 
following the degassing at the slightly higher temperature. 
During the earliest runs extreme precautions were taken during the 
charging process to prevent air from oxidizing the metal samples. However, 
experience indicated that by keeping the exposures short, the metals could 
be handled in the atmosphere for several minutes without adverse effects 
on evaporation rates. More will be said of the effects of oxides in the 
discussion of results. 
Preliminary Studies 
The initial apparatus resembled Figure 1 with the following excep­
tions: 1) the diameters of the outer tube and inner condenser were each 
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thermocouple was placed at the center of the base of the outer tube; and 
3) the crucible containing the metal was vycor. Pure lead was vapor­
ized in the initial studies in order to provide information regarding 
the characteristics of the system. 
Surface oxides 
During the vaporization of pure lead at temperatures up to 700 °C, 
a dull film was visible on the metal surface. Under the assumption 
that this film was lead oxide, the following attempts were made to obtain 
a cleaner surface. 
The first method to reduce the amount of lead oxide in the system 
consisted of separating the oxide from the metal and charging the metal 
into the vaporization cell under an inert atmosphere. Within a glove 
box through which nitrogen was circulated, the lead was melted in a 
tube which had a sealed capillary at the bottom. The capillary was then 
broken and the oxide-free lead at the bottom of the tube flowed into 
the crucible. The crucible was placed in the vaporization cell which 
was evacuated, the stopcock of the cell was closed and the cell was 
withdrawn from the glove box and mounted to the vacuum system. However, 
this technique did not prove to be completely effective in eliminating 
the surface film, and it was decided that a reduction of the lead oxide 
within the system might prove to be more effective. 
Thennodynamically, the reduction of lead oxide by hydrogen is very 
favorable. The equilibrium constant for the reduction, which is simply 
the ratio of the partial pressure of the water vapor to the partial 
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pressure of the hydrogen, has a value of approximately iir at trie leumg 
point of lead. To determine whether the reaction did proceed, the system 
was heated under hydrogen at a pressure slightly below atmospheric. At 
the melting point and up to temperatures of 600 °C, the visible surface 
film remained. No reduction could be observed within four hours, and it 
was concluded that either the reaction rate was very slow or the vycor 
crucible provided conditions which were too highly oxidative. Repetition 
of this experiment in which a graphite crucible was used confirmed the 
latter conclusion because the film disappeared at temperatures below 
500 °C when hydrogen was admitted to the system. This is in agreement 
with the work of Baker (SE), which indicated that hydrogen reduces lead 
oxides at 600 °C. 
As a result of the preceding experiments, subsequent vaporizations 
were carried out in graphite crucibles. Spectrographically pure graphite 
was used. To establish that no interfering reactions occured between 
the metal and the graphite, the metals were placed in the graphite at 
temperatures up to 700 °C. The weight of the metals before and after 
exposure did not change provided that no appreciable vaporization occured. 
At 600 °C and lower temperatures the sensitivity of this test was 0.01$ 
or better. 
It was determined that with the use of graphite crucibles, the 
system could be charged in air without causing serious oxide formation. 
At a temperature slightly above 500 °C, samples which did have a slight 
surface film (most did not) became very shiny (in the absence of hydro­
gen) . This could have been due to decomposition of the oxides, vapor­
ization of the oxides, reduction of the oxides by the graphite or a 
36 
comoma&ion 01 unease ei. xecua e me uxguex* ic«u va-luco uowmyvoo uco.uw 
500 °C, so that this factor was probably not of major importance. The 
lead oxide could have vaporized as PbO« However, an experiment in which 
PbO was vaporized yielded a yellow condensate which clouded the condenser. 
Since this effect was not observed during the disappearance of the sur­
face film, it is quite possible that the reduction of PbO by the graphite 
(which is thermodynamically favorable at 500 °C under vacuum) was the 
major cause for the disappearance of the film. The film was observed to 
disappear from the center of the crucible due either to surface tension 
characteristics of lead and lead oxide which caused the oxide to remain 
on the outer edge, or the wetting of the graphite by the oxide prefer­
entially. This phenomenon makes the reduction by graphite very plausible. 
Apparatus modifications 
The construction of a larger vaporization cell with a thermocouple 
well became necessary whsn it was observed that the measured melting 
temperatures of the metals were inconsistent. This modification re­
sulted in the apparatus of Figure 1. At first the graphite crucibles 
were one inch in diameter with a well to fit over the vycor well. These 
crucibles gave vaporization rates which were from 10 to 50$ of the 
theoretical values » To determine whether surface effects (which were 
not visible) were of importance in reducing the rates of vaporization, 
a few runs were made in covered crucibles which had a small hole from 
which the vapor could effuse. The effusion from the orifice would not 
be so strongly dependent on surface condition, and if rates from the 
effusion experiments were closer to the theoretical rates, the discrepan­
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However, the effusion experiments yielded very low rates which might 
have been caused by two factors. If the cell did not come to equili­
brium within four hours (an approximate calculation indicated that 
equilibrium should be 99$ established within one minute after thermal 
equilibrium existed), the effusion rates would be low. This is possible 
though not likely. It is also possible that the thermal conductivity 
between the cover and the crucible was poor due to poor contact, thus 
resulting in a lower cover temperature. In addition the cover was fairly 
thick (1/8 to l/4") so that a uniform temperature may have been difficult 
to establish. 
Data were taken in smaller crucibles (3/16 to l/2" diameter) and 
it was discovered that the results were very reproducible. The use 
of small crucibles made possible a technique which greatly simplified 
the experimental work, in that it permitted simultaneous vaporization of 
more than one sample. Such multiple vaporizations permitted the study 
of several parameters in a fashion that was at the same time more accurate 
and less difficult to perform. The results of the studies of several 
experimental uncertainties will be described later. 
Characteristics of curved evaporation surfaces 
An objection might be raised to the use of small metal samples 
because the lack of wetting of the graphite by the liquid metal could 
(and did) result in the formation of a meniscus which could alter the 
surface area and the evaporation rate. Furthermore, the vapor pressure 
of the curved surface could differ from that corresponding to a flat 
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following formula (21) for the ratio of the vapor pressure of a curved 
surface to that of a plane surface : 
ln(pr/p) = (28) 
where pr is the vapor pressure of a surface of radius of curvature r 
and p is the vapor pressure of the plane surface, v is the liquid volume 
per molecule, tr is the surface tension of the liquid, k is the Boltz-
man constant and T is the aosolute temperature. The values which give 
the largest value of the right side of Equation 28 are (on a mole basis): 
v - 20.7 cnP/mole, r - 0.3 cm, <T - 400 dynes/cm, k - 82 x 10& dyne-
cm/mole-°K, and T - 800 °K. These give for log (pr/p) a value of ~10"^ 
which indicates the vapor pressure of the curved surface to be the same 
as that of the plane surface. 
The question of surface area is not so simply treated, and it is 
complicated even further by the fact that all of the vaporizations were 
conducted in partly filled crucibles to which a Clausing factor was 
applied, to account for recondensation due to the presence of the walls 
of the crucible. The Clausing factor is basically a solution to the 
flow problem in which a rarified gas enters a tube with a random dis­
tribution of velocities. Collisions with the walls only are considered 
and it is assumed that the molecules are reflected from the wall randomly, 
that is, with a cosine distribution. The multiplication of the rate of 
molecules entering the tube by the Clausing factor then gives the rate 
at which molecules leave the tube at the other end. Although usually 
applied to Knudsen effusion data from orifices with walls of appreciable 
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molecules which leave a cylindrical crucible upon vaporization from the 
lower part of the crucible. 
Two expressions are used for calculation of the Clausing factor, 
depending on the value of the ratio of the tube length (L) to tube 
radius (R): 
for L/R < 1.50 K = ! +\.5 (L/R) (29) 
for L/R > 1.50 K = 1 + OfMW — (30) 
1 + 0.95(L/R) + 0.15 (L/R)2 
Since collisions between molecules are neglected in these equations, it 
is necessary that they only be applied in cases where the mean free path 
of the molecules is large compared to the tube dimensions. In this study 
the mean free paths were greater than the tube diameter (which was about 
equal to the unfilled height of the crucible corresponding to l) by at 
least an order of magnitude. The calculation of the mean free path 
appears in the Appendix, together with typical values. A plot of Clau­
sing factor TS. weight of sample is also included in the Appendix. This 
plot is determined as follows. The volume corresponding to the weight 
of sample is calculated from the value 01 the density of the metal at the 
temperature of the vaporization. The height of the metal can then be 
determined since the area of the crucible is known- This height is sub­
tracted from the total (inside) height of the crucible to give the value 
of L. R is simply the radius of the crucible, and the values of L and 
R are substituted into Equation ?9 or 30. 
The validity of the Clausing factor was demonstrated experimentally 
by simultaneously vaporizing different weights of lead. If the application 
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factor should be constant for the various samples. Table 1 gives the 
results of this correction for each of the pure metals and for one alloy, 
and the corrected values are constant within the limits of other errors. 
Table 1. Experimental verification of Clausing factor 
Weight 
of 
specimen 
Clausing 
factor 
Amount 
evaporated 
Corrected 
amount 
System: lead, ?00°C 1.596 0.40 43 mg 107 
3/l6" diameter 
crucibles 1.213 0.34 38 111 
0.900 0.31 33 106 
System: thallium, 3.53 0.55 236 430 
575°C, 1/4" dia. 
crucibles 3.62 0.56 242.5 433 
3.45 0.53 231.7 437 
3.70 0.57 249.3 438 
System: 60$ thallium, 4.39 0.61 48.9 80.1 
40$ lead, 575°C, 
l/4" dia. crucibles 4.66 0.76 58.2 76.6 
4.79 0.82 61.8 75.4 
The value of this experimental check is twofold: first, it indicates 
that it is possible to correlate the unfilled length of crucible with 
the corresponding decrease in evaporation rate, and second, it indicates 
that the expression derived by Clausing on the basis of random emission 
of molecules from the surface holds for the case of a meniscus, and 
consequently, the velocity distribution is not unusual. However, none 
of the preceding discussion establishes the fact that the absolute rate 
of evaporation from the surface is the same for plane or curved surfaces. 
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surface shape would be assumed. The number of molecules leaving the 
surface (with the usual cosine distribution) would be determined by 
integration over the entire area. The fraction of molecules striking 
the wall would be determined and the number which would return to the 
liquid from the wall would then be subtracted from the total rate to 
obtain the net rate of evaporation. The writer has never seen such a 
calculation. 
The following argument, which is of an intuitive nature, provides 
a good approximation to the ratio between the rate of vaporization from 
a flat and a curved surface. It makes the same assumptions as are in­
cluded in the Clausing factor, namely that the mean free path of the 
molecules is long, thus permitting collisions between molecules to be 
neglected, and that molecules are reflected from the wall with a random 
distribution of velocities. 
Consider the case of a curved surface in which the liquid assumes 
a hemispherical shape. Figure 2a is s vertical cross section of the 
crucible showing the plane and curved surfaces. The rate of evaporation 
from the semi-circle ABA' will be compared to the rate of evaporation from 
surface CC*. The line OC divides the circular segment AB into two parts, 
AD and EB. Assuming the usual cosine distribution for molecules leaving 
each point along AB, one-half of those at D leave the crucible, while 
one-half strike the wall of the crucible (i.e., vaporization is symmetric 
about the perpendicular to the surface at D). All of the molecules 
evaporating at B leave the crucible, while none of those evaporating at 
A leave (in fact, none are evaporating at A). Because of the symmetry 
Figure 2. Effects of curved surfaces on evaporation rate 
a. profile of curved and flat surface 
b. directional rates of evaporation 
c. limiting points of incidence on crucible wall 
d. example of less pronounced meniscus 
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PLANE SURFACE 
CURVED 
SURFACE 
Arrows a and b designate 
evaporation from arc DB in 
vertical and horizontal direct­
ions, arrows c and d designate 
evaporation from arc AD in 
vertical and horizontal directions. 
Symmetry about OC implies 
a = d, b = c. 
molecules from D,E and B 
cannot strike the wall 
AC below F, G and C 
4 œ 
d 
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without hitting the wall on evaporation from circular segment AD is 
equal to the number of molecules which strike the wall on evaporation 
from segment D8 (see Figure 2b). Therefore, the total number of mole­
cules which leave the entire arc (AB) directly (which is equal to the 
total number which strike the wall) corresponds to the total number 
evaporating from segment DB. 
There are in addition the molecules which leave after striking the 
wall. At the top of the wall AC one-half of the molecules which strike 
leave the crucible (assuming that all of those which do not leave strike 
the liquid and condense). At the bottom of the wall none leave the 
crucible. Therefore the number which leave after collision with the wall 
is less than one-half of the number which evaporated without hitting 
the wall. Although the discussion to this point has been accurate, it 
now becomes necessary to estimate the fraction which leave the crucible 
after striking the wall. This fraction is probably closer to the value 
of one-half than it is to zero, based on the fact that more molecules 
can impinge on the top of the wall (since they can come from any point 
of arc AB) than on the bottom (see Figure 2c). Consequently, the total 
number of molecules leaving the wall is somewhat more than one-fourth 
of those striking and the total number leaving the crucible is somewhat 
more than 5/4 times the evaporation rate from the circular segment DB. 
To compare this to the number which would have evaporated had the 
surface been flat, it is only necessary to compare the ratio of the 
lengths of arc IB and line CB (multiplying arc LB by something greater 
than 1-1/4, say 1.3). If R is the radius of the hemisphere, it is also 
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l/8th of the circumference of the circle of radius R. The ratio (1.3 x 
2 x 3.14 x R)/8 to R is 1.02 indicating that the rate of evaporation 
from the meniscus is probably very near the rate of evaporation from a 
flat surface. Figure 2d demonstrates that the same argument would apply 
to a less severe meniscus if the material did not wet the crucible wall. 
The vaporization coefficient, a , has been assumed to be unity in 
the above discussion as it is in the Clausing factor derivation. Rossmarm 
and Yarwood (53) have treated the Clausing factor correction for the 
case of <t 1 by making an analogy to heat radiation. They obtain the 
expression: 
K
' = 1 + 0.5 . WE) (31) 
for short tubes. 
The preceding treatment makes it possible to determine the rate of 
evaporation from the surface of the liquid metal when the rate at which 
molecules leave the top of the graphite crucible is known. The ratio 
of these rates is, of course, the Clausing factor since the effects of 
the curved surface are of little importance. It now becomes necessary 
to consider the problem of recondensation due to collisions between the 
molecules in the space between the top of the graphite crucible and the 
condensing surface. Finally, any reflection at the condensing surface 
should be considered since it is possible that the condensation coefficient 
would differ from unity. 
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Consider first the problem of calculating the number of molecules 
which are returned to the crucible due to reflections in the vapor space. 
Burrows (8, p. 26) has presented an explanation of evaporation between 
parallel plates and the degree of recondensation which would occur for 
various conditions. His treatment is applicable here and it will be 
used in conjunction with other arguments to show that under the conditions 
of this work, negligible recondensation occurs as a result of the trans­
port of the molecules from the crucible to the condenser. 
The results of Burrows' analyses are as follows : 
1) the fraction of molecules that reach the condenser without 
collision is e"d/k X vbere d is the distance between liquid and con­
denser , X g is the mean free path in the equilibrium vapor, and k is a 
factor which relates to the concentration of vapor in the gap. The 
exponent, d/k\g, will be designated by K. 
2) the fraction of molecules that collide is (1 - e~^) and the 
fraction of these molecules that reach the condenser is approximately 
(1 - e"K) e-K. 
3) after multiple collisions, the molecules lose their coordinated 
motion across the gap and move at random, thus having an equal chance 
of reaching either the evaporator or the condenser. Their probability 
of reaching the condenser after multiple collisions is the value of a 
factor F which expresses the ratio of the condensing area to the total 
area (or sum of evaporating and condensing areas). The ratio of the 
evaporating area to the total area is (1 - F). Therefore the fraction 
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of such molecules that reach the condenser after multiple collisions 
is given by F(l-e-K)(l-e-K). 
The total fraction, f, of vaporized molecules that reach the con­
denser is given by the sum of the fractions represented by paragraphs 
1, 2, and 3 corresponding to those which do not collide, those which 
reach the condenser after a single collision and those which strike 
after multiple collisions: 
f = F + (l-F)(2e"K - e-2K) = 1 - (l-F)(l-e"K)2 (32) 
Burrows has given values of f corresponding to given values of K and F ; 
k has been determined empirically for a few cases. When distillation 
takes place across a gap of 1.3 cm which is approximately the condition 
for this work, k is about 3i* Using a value of 2 cm for d and a value 
of 4 cm for X g (the smallest value in the experiments), K becomes equal 
to O.15. F is greater than 0.8 since the crucible area is less than 
one-tenth the condenser area. Burrows' tabulation of f does not include 
values of k less than i or values of F greater than 0.8. For these 
conditions 99 percent of the vaporized molecules reach the condenser. 
Burrows has assumed that no reflection occurs from the condenser. 
Since this work does not assume that the condensation coefficient is 
unity, it was necessary to show that reflection from the condenser was 
not appreciable. In order to establish this fact, the following experiment 
was performed. 
A crucible with six 4" diameter slugs of metal (three of lead and 
three of thallium) was placed in the vaporization cell. An earlier 
experiment indicated that the condensate from any single hole would 
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flecting from the condenser to the original metal was about the same 
as the probability of reflection into the other metal. Therefore, if 
a known amount of metal was vaporized, and if the concentration of 
reflected molecules (of dissimilar metal) was known approximately, it 
would be possible to determine the number of molecules which had been 
reflected to the liquid and therefore the fraction of vaporized mole­
cules which were reflected from the condenser back into the liquid. 
To detect small concentrations of contamination, the metals were analyzed 
spectrographically in a semi-quantitative fashion. 
The metals initially had a few parts per million of each other 
present. After vaporization at 675 °c« the thallium was contaminated 
with about 100 parts per million of lead and the lead with several 
hundred parts per million of thallium (which has a higher vapor pressure). 
The samples had a total weight of approximately 5 grams, which means 
that 0.5 mg of lead and 3 or 4 mg of thallium recondensed into the 
liquid. Since the total amount vaporized was 500 mg, the extent of the 
recondensation was less than 1$. This included the return of molecules 
as a result of collisions in the vapor as well as reflection from tha 
condenser. This technique is quite useful for determining overall re-
condensation of vapor leaving the crucible. 
Speiser and Spretnak (56) describe a work in which condensation 
coefficients of silver were determined on various substrates and the 
results indicated that the condensation coefficients decreased with 
lattice misfit. Since the condenser in this system is glass some expla­
nation should be given to the fact that the lattice misfit does not 
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condensation-evaporation theory of Langmuir which is described in Dushman 
(15» p. 4o8). This theory conceives of an interaction between a mole­
cule and a wall not as a simple reflection but rather as a condensation 
and subsequent evaporation. At cans which strike the surface have an 
average "life" on the surface which depends on the magnitude of the sur­
face forces and the temperature of the surface. These characteristics 
have been observed and are not amenable to explanation by the reflection 
theory. 
In the case of impact of a metal vapor on a glass surface, the 
metal molecules can be regarded as having short periods of condensation 
on the glass surface. If the pressure of the vapor is very low the 
factor of poor lattice misfit would result in most of the molecules 
being re-evaporated, corresponding to a low condensation coefficient. 
However, at higher pressures the probability that another atom will be 
deposited adjacent to the first (before the first atom has re-evaporated) 
is greater. The energy required to re-evaporate such a pair of atoms 
is high and such pairs form nuclei on which further deposition can occur. 
Langmuir has shown that a deposit of cadmium on glass which covers only 
0.3 percent of the surface of the glass (deposited by exposing the sur­
face for 1 minute to cadmium at 60 °C) serves as an effective nucleus 
for the formation of a visible deposit. 
The conditions of this experiment, are such that a visible film 
of condensate forms at temperatures below 550 °C, Subsequent conden­
sation occurs on the metal substrate for which the condensation co­
efficient is very close to unity, as demonstrated in the experiment pre­
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viously described. 
Temperature uniformity 
The temperature uniformity of the system is promoted by the use of 
a graphite crucible. The high conductivity of the graphite and the 
metals should not allow any appreciable temperature differences to exist 
within the crucible. However, it is possible that the evaporation of the 
metal could have a cooling effect on the surface and this matter was 
checked by calculation. Spendlove (57) has reported that a temperature 
difference of 60 °C was detected between surface temperature and the 
temperature 2 cm below the surface during the evaporation of zinc. The 
value of the temperature difference was also estimated on the basis of 
the latent heat of vaporization of zinc and the measured evaporation rate 
and was determined to be about 50 degrees per cm. Spendlove does not 
explain why the density difference did not provide a driving force for 
convection (the top layer of zinc should be about 5$ denser than the 
zinc below it), nor does he mention whether any stirring was imparted 
to the metal due to the use of induction heating. 
The temperature gradient at the surface of thallium can be esti­
mated in the following manner. The heat of vaporization supplied to 
one sq cm of surface is equal to the thermal conductivity multiplied by 
the temperature gradient. At 600 °C the rate of vaporization of thallium 
is 2.8 x 10"4 g/cm^-sec and the latent heat of vaporization is 190 cal/g. 
Since the thermal conductivity is approximately 0.06 cal/sec cm °C, the 
temperature gradient at the surface should be approximately 0.9 °C/cm. 
It was also possible to establish the uniformity of temperature 
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Dushman (16, p. 40?) has described the work of Wood in which a 
stream of cadmium was allowed to strike a glass surface at different 
temperatures. Condensation did not occur until the glass temperature 
was below -90 °C. This phenomenon was not encountered in any of the 
experiments in this work however, as deposition occurred on a condenser 
held at room temperature when the metal vapor pressures exceeded 10""^ 
mm Hg. In one experiment condensation of thallium occurred at a temper­
ature of 450 °C (corresponding to a vapor pressure less than 10~4 mm Hg) 
on a condenser which was at a temperature of 230 °C. 
Alloy Studies 
This section will describe the investigation of a binary liquid 
metal system under conditions of molecular vaporization in an attempt 
to determine the extent to which the previously described apparatus is 
capable of providing information regarding the non-ideality of the liquid 
phase. 
Choice of alio? 
The requirements for a system which would be suitable for the experi­
mental study were as follows: 1) reliable e=m.f, measurements of liquid 
solution activities must be available, 2) the vapor pressures of the pure 
components should be in the range 10"^ to 10~4 mm Hg, and 3) the vapor 
pressures of the individual components should be of the same order of 
magnitude. 
On the above basis the lead-thallium system appeared to be the 
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minations, the deviations from ideality at 500 °G were about 60$ which 
was quite substantial, and the vapor pressures were within the desired 
range. Unfortunately the vapor pressures differed by an order of 
magnitude. However, in view of the other advantages of the system it 
was felt that the high relative volatility of thallium could be toler­
ated. 
Subsequent work proved the lead-thallium system to be less suitable 
than anticipated. This was due to the fact that the vaporization rates 
of lead were below the theoretical values. Consequently, it was necessary 
to operate at temperatures above 500 °C, with the result that the ideal­
ity of the system increased appreciably. Furthermore, the uncertainty 
in the vaporization rates of lead (because they were fairly low) did 
limit the feasibility of calculating lead activities directly from the 
experimental data. 
Results of vaporization of liquid lead-thallium alloys 
A series of runs was made for lead-thallium alloys containing 20, 
40, 60 and 80 percent thallium, together with a series of runs for each 
of the pure metals. Each series consisted of an initial run in which 
the system was heated to the degassing temperature (approximately 625 °c) 
allowed to settle to the temperature of the run (575 °C) and immediately 
cooled. This gave the contribution to the weight loss from the unsteady 
state period of the run. This run was also performed first since the 
amount vaporized was sufficiently small that the composition of the alloy 
did not change appreciably (less than 0.5/0. The top and bottom portions 
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uniformity of composition. The samples were then subjected to a run 
consisting of a heating period, a steady state period of one hour, and 
& cooling period. Finally, a third run was carried out, similar to the 
second, except that the steady state period lasted four hours. Figure 
3 shows the temperature vs. time plots for the vaporization of thallium. 
The curves for the alloys were similar ; temperatures during the steady 
state period varied from + 1 °c to + 5 °c. The rate of vaporization 
data for these runs over the range of compositions are given in Table 2. 
These data provide a good estimate of the relative vapor-liquid 
compositions under molecular distillation conditions and in their pre­
sent form would give vapor compositions within a few percent and vapori­
zation rates within 20 to JO percent. However, because of the difficulty 
of reproducing conditions from run to run, due primarily to the temper­
ature variation, these data would not be suitable for thermodynamic 
calculations. Consistency between the various runs can be improved by 
simultaneous vaporization of the entire series of alloys (6 samples). 
Such an experiment insures that the temperature and inert gas 
pressure are uniform from sample to sample and consequently, the original 
data can be modified in accordance with the results of a run permitting 
identical conditions. Temperature is of the greatest importance, and the 
high thermal conductivity of the metals and the graphite insure thermal 
uniformity. 
The first of these rurs was not performed with the degree of care 
necessary. For normal runs, three separate samples are vaporized so 
that any unusual surface condition for a particular specimen becomes 
Figure 3. Curves of temperature vs. time for thallium vaporization 
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Table 2. Rate of vaporization of Tl, Pb and Pb-Tl alloys at 575 °C 
Composition Run Initial Final Weight Clausing Corrected weight 
weight weight loss factor loss 
e 2 me 
Tl 1 4.0386 4.0269 11.7 0.62 18.9 
4.0719 4.0581 13.8 0.63 21.9 
3.6174 2.6059 11.5 0.56 20.5 
4.2850 4.2711 13.9 0.67 20.7 
total corrected weight loss- 82.0 
average value per sample- 20.5 
(1 hr) 3.8358 3.7648 71.0 0.59 120.3 
3.9118 3.8430 68.8 0.60 114.7 
4.1434 4.0685 74.9 0.64 117.0 
4.1563 4.0775 78.8 0.64 123.1 
total corrected weight loss- 475 
average value per sample- 118.8 
steady state (1 hr) net 
average 98.3 
3 
(4 hr) 3.6544 3.4184 236.0 0.55 429 
3.7445 3.5020 242.5 0.56 433 
3.4614 3.2297 231.7 0.53 437 
3.8320 3-5827 249.3 0.57 438 
total corrected weight loss-1737 
average value per sample- 434 
net average for 4 hr steady 
period 414 
per hour average 103 
0.8 Tl-0.2 Pb 4 4.2943 4.2816 12.7 0.68 18.7 
3.9903 3.9788 11.5 0.62 18.5 
4.3163 4.3043 12.0 0.68 17.6 
total corrected weight loss- 54.8 
average value per sample- 18.3 
vapor composition-0.984 thallium 
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Table 2. (Continued) 
Composition Run Initial Final Weight Clausing Corrected weight 
weight weight loss factor loss 
g g mg mg 
5 
(1 hr) 4.1455 4.0797 65.8 0.64 102.8 
3.8527 3.7958 56.9 0.60 94.8 
4.1086 4.0473 61.3 0.64 95.8 
total corrected weight loss- 293.4 
average value per sample» 97.8 
steady state ( 1 hr) net 
average 79.5 
vapor composition-0.992 thallium 
6 
(4 hr) 3.8870 
3.6213 
3.8173 
3.7109 186.1 
3.4408 180.5 
3.6378 179.5 
0.58 321 
0.56 322 
0.58 310 
total corrected weight loss- 953 
average value per sample- 318 
net average for 4 hr steady 
period 300 
per hour average 75 
modified rate from simul­
taneous vaporization- 80 
vapor composition-0.996 thallium 
0.6 Tl-0.4 Pb 7 4.6417 4.6334 8.3 0.77 10.8 
5.0121 5.0038 8.3 0.88 9.4 
5.1390 5.1295 9.5 0.94 10.1 
total corrected weight loss- 30.3 
average value per sample- 10.1 
8 4.6334 4.6238 9.6 0.77 12.4 
5.0038 4.9929 10.9 0.88 12.3 
5.1295 5.1185 11.0 0.94 11.7 
total corrected weight loss- 36.4 
average value per sample- 12.1 
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Composition Run Initial Final Weight Clausing Corrected weight 
weight weight loss factor loss 
g g n* mg 
9 
(1 hr) 4.4191 4.3702 48.9 0.61 80.1 
4.6948 4.6366 58.2 0.76 76.6 
4.8234 4.7616 61.8 0.82 75.4 
total corrected weight loss- 232.1 
average value per sample- 77.4 
steady state (1 hr) net 
average 66 
10 
(4 hr) 4.2139 4.0423 171.6 0.66 260 
4.4760 4.3007 175*3 0.71 247 
4.5332 4.3563 176.9 0.72 246 
total corrected weight loss- 753 
average value per sample- 251 
net average for 4 hr steady 
period 240 
per hour average 60 
modified rate from simul­
taneous vaporization- 58 
vapor composition-0.96 thallium 
0.4 Tl-0.6 Pb 11 4.9347 4.9282 6.5 0.88 7.4 
5.2144 5.2070 7.4 0.98 7.4 
5.2194 5.2122 7.2 0.98 7.2 
total corrected weight loss- 22 
average value per sample- 7.3 
vapor composition-0.93 thallium 
12 
(2 hr) 4.5858 4.5372 48.6 0.75 64.8 
4.8569 4.8094 47.5 0.82 58.0 
4.9694 4.9131 56.3 0.87 54.7 
total corrected weight loss- 187.5 
average value per sample 62.5 
net average for 2 hr steady 
period 55*2 
per hour average 27.6 
vapor composition-0.94 thallium 
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Table 2. (Continued) 
Composition Run Initial Final Weight Clausing Corrected weight 
weight weight loss factor loss 
g g ms BE 
13 
(4 hr) 4.1282 4.054? 73-5 0.65 113 
4.5433 4.4631 80.2 0.74 108 
4.5712 4.5030 68.2 0.75 91 
total corrected weight loss- 312 
average value per sample- 104 
net average for 4 hr steady 
period 98 
per hour average 25 
modified rate from simul­
taneous vaporization- 36 
vapor composition-0.93 thallium 
0.2 Tl-0.8 Pb 14 4.4338 4.4307 3.1 0.73 4.2 
4.2703 4.2673 3.0 0.69 4.3 
4.3211 4.3177 3.4 0.70 4.9 
total corrected weight loss- 13.4 
average value per sample- 4.5 
15 
(1 hr) 4.2779 4.2627 15.2 0.70 21.7 
4.1630 4.1484 14.6 0.67 21.8 
4.1924 4.1780 14.4 0.68 21.2 
total corrected weight loss- 64.7 
average value per sample- 21.6 
steady state (1 hr) net 
average 17.1 
16 
(4 hr) 4.1761 4.1431 42 0.68 61.8 
4.1108 4.0696 41.2 0.66 62.4 
4.1010 4.0631 37-9 0.65 58.3 
total corrected weight loss- 182.5 
average value per sample- 60.8 
net average for 4 hr steady 
period 56.3 
per hour average 14.1 
vapor composition-0.82 thallium 
6o 
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Composition Run Initial Final Weight Clausing Corrected weight 
weight weight loss factor loss 
g g 26 22 
17 
(4 hr) 3.1792 3.1373 41.9 0.51 82.2 
3.2538 3.2124 41.4 O.52 79.6 
3.5201 3.4716 48.5 O.56 86.6 
total corrected weight loss- 248.4 
average value per sample- 82.8 
net average for 4 hr steady 
period 78.3 
per hour average 19.6 
modified rate from simul­
taneous vaporization- 18 
vapor composition-0.82 thallium 
Pb 18 5.2394 5.2386 0.8 1.0 0.8 
4.5616 4.5605 1.1 0.78 1.4 
4.7765 4.7755 1.0 0.84 1.2 
4.6890 4.6882 0.8 0.82 1.0 
total corrected weight loss- 4.4 
average value per sample- 1.1 
19 
(1 hr) 
20 
(4 hr) 
4.8173 4.8135 3.8 0.85 4.5 
5.O688 5.0637 5.1 0.95 5.3 
4.5044 4.5004 4.0 0.76 5.2 
4.6000 5.5953 4.7 0.79 5.9 
total corrected weight loss- 20.9 
average value per sample- 5.2 
steady state (1 hr) net 
average 4.1 
4.5174 4.5022 15.2 0.76 20.0 
4.6267 4.6118 14.9 0.79 18.9 
2.8410 2.8324 8.6 0.48 18.0 
4.6401 4.6233 16.8 0.80 21.0 
total corrected weight loss- 77.9 
average value per sample- 19»5 
net average for 4 hr steady 
period 18.4 
per hour average 4.6 
modified rate from slmul-
taneous vaporization- 5 
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apparent from the weight loss data. However, where only one sample or 
each alloy is vaporized, it becomes absolutely essential that very clean 
surfaces exist. The second run at 575 °C was made very carefully and 
the results are shown in Table 3-
Table 3. Simultaneous vaporization of Pb-Tl alloys - 575 °C 
Alloy 
composition 
Initial 
weight 
g 
Final 
weight 
g 
Weight 
loss 
mg 
Clausing 
factor 
Corrected 
weight 
loss 
mg 
Weight loss 
per hour 
mg 
Pb 4.4100 4.3950 15 0.74 20.3 5 
0.2T1-0.8Pb 3.5765 3.5337 42.8 0.57 75 18 
0.4Tl-0.6Pb 3.7582 3.6687 89.5 0.59 152 36 
0.6Tl-0.4Fb 3.8460 3.7029 143 0.59 242 58 
0.8T1-0,2Fb 3.0843 2.9152 169 0.50 239 80 
Tl 3.3421 3.1172 225 0.52 433 103 
Comparison of the rates with those of the individual runs shows 
that the reproducibility from run to run is quite good for most cases. 
A notable exception is found in the vaporization of the 40 percent 
thallium alloy. The vaporization rates for the individual run were about 
30 percent low in this case. The recorder plot of temperature vs. time 
did not indicate any appreciable deviations from steady state temperature 
during the four-hour run, and the low rate is difficult to explain. In 
this particular case a two-hour run was conducted and gave higher per 
hour rates than the four-hour run indicating that the higher rate ob­
tained in the vaporization of the series of alloys was probably correct. 
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parison will now be made of the experimental determinations of vapor 
compositions with those predicted from Raoult's law and those expected 
from use of the e.m.f. liquid phase activity coefficients. For this 
purpose, an equation different from Equations 9 and 10 of the theory 
section will be developed since it permits very rapid calculation of 
the vapor concentrations corresponding to various conditions. 
For present purposes consider only the case where the vaporization 
coefficients for both components are unity for all compositions. By 
dividing Equations 9 and 10 by the rates of vaporization of the pure 
components one obtains : 
WT1/*T1 = *ri >T1 (33) 
and 
wPb/W£b = xPb /Pb 
the vapor composition is then given by: 
(34) 
"Tl =T1 rTl WT1 
(35) 
*T1 + wPb *ri ^ T1 w°Tl + *Pb ^ Pb wPb 
divide all terras by x^ then: 
yT1 = 51 -_i (36) 
WT1 + wPb l + *Pb /Pb wPb 
*T1 ^T1 "Tl 
let X = Xpb/*ri» r = 'r/ ^Tl' W = wFt/*Ti* The values for x» F » 
and W are tabulated in Table 4, and the vapor compositions corresponding 
to the different assumptions are shown. 
1 3D 4 o VOtiiptiX" J.5U11 UJL v «y vi uuiiiyujj.v/^t/uw w* -w - — C.2.2,Z^Z 
Conditions 0.18 Tl 0.38 Tl 0.58 Tl 0.79 Tl 
x = *Pb/^pi: 4.555 1.63 0.724 0.266 
for W = 1_ (ref. 15), 
and r« l (Raoult's law) 
yT1 : 76.7 90.9 95.39 98.26 
F(emf) values 1.265 1.22 1.025 0.735 
for W = 1_ and 
15 
r(eraf)» yTi: 72.24 88.3 95-3 98.7 
for W = Jj (exptl.) 
r 103 and 1=1 
yT1 : 81.9 92.7 96.6 98.7 
for W = 
103 
=nd r(erf) 
yT1 : 78.16 91.2 96.5 99.05 
experimental values 
for yT1 : 82 93 96 99.6 
Unfortunately, the tabulated values of vapor compositions provide a 
somewhat deceptive picture of the behavior of the system, because they 
indicate that the experimental results follow Raoult's law rather than 
the activity data. This is not true as will be shown by calculation 
of the activities from the experimental data. The reason for the dis­
crepancy lies in the value of the ratio of the pure component vaporization 
rates. Because of the low rate of vaporization of the lead, its value 
•; o i ooc o/»ci)i"st.e iv than the rate for thallium. The value of the 
thallium activities, although a strong function of the thallium vapor 
pressure are not very sensitive to the value of the lead vapor pressure. 
To put it another way, the increase of the vaporization ratio from 15:1 
to 103:5 served primarily to increase the value of the thallium concen­
tration of the vapor. Use of a slightly higher ratio (say 103:4.6) 
would tend to bring the experimental values in closer agreement with 
the calculated values based on e.m.f. activity data and these would be 
smaller by a few percent than the values based on Raoult's law. 
The value of the activity of thallium for a particular alloy is 
simply the ratio of the thallium vaporization rate from the alloy to 
that of pure thallium, the former being the product of the total vapor­
ization rate from the alloy and the mol fraction of thallium in the 
vapor. The values for the four alloys determined are: 
Table 5« Activities of thallium in lead-thallium alloys at 575 °C 
Composition rate x comp./wj^ exptl. value e.m.f. value 
0.18 thallium: = 18 x 0.82 
103 
0.14 0.149 
0.38 thallium: = 36 x 0.93 
103 
0.33 0.325 
0.58 thallium: = 58 x 0.96 
103 
0.54 0.54 
0.79 thallium: = 80 x 0.996 = 
103 
0.775 0.80 
The e.m.f. values are those of Hildebrand and Sharma (25) at 5&3 °^* 
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The experimental values of the thallium activities agree within 
with the values obtained from e.m.f. measurements. This result 
is quite exceptional when one considers that the technique was designed 
for the purpose of providing an estimate of the deviations from ideality 
without requiring the precautions normally necessary for an evaluation 
of thermodynamic data. However, the advantage gained from the technique 
of simultaneous vaporization of several alloys makes it possible to 
obtain data which are as precise as those obtained by more elaborate 
methods (but where the latter require repetition of the experimental 
conditions for each alloy). 
Vapor pressure data obtained with the apparatus could probably 
be ascribed no better accuracy than + 50$. This is because continuous 
weighing of the sample is not possible and the value of the pressure at 
each temperature must be determined by an individual run. Furthermore, 
the true temperature must be known accurately for the determination of 
vapor pressure and this is not possible with the apparatus unless pro­
vision could be made for placing the measuring thermocouple in direct 
contact with the graphite crucible. 
The temperature uncertainty is ± 10 °C which would give values of 
the activities to within + 1 to + 5$ depending on the temperature variation 
for the particular system. The temperature fluctuation is usually + 2 °C 
which would give appreciable differences in vapor pressure but which 
would not seriously affect the activity coefficients. 
The errors associated with the Clausing factors, recondensation 
66 
due to intermolecular collision, reconaensation uue uu j.hw> 
pressure, measurement of crucible area, increase in area due to meniscus, 
all tend to cancel each other when data on relative rates are desired. 
On an absolute basis these errors could amount to 5 to 10$ but their 
importance in the activity determination is quite small, probably not 
amounting to more than 1 to 2^. 
It is felt that the major error, in addition to temperature measure­
ment is due to the condition of the liquid metal surface. Not only is 
it necessary to charge oxide free metals, but care must also be taken 
that no reactions take place with the small amounts of contaminants in 
the system (such as 10mm Hg of oxygen). It might be possible to 
perform a reduction within the system for certain alloys. In addition, 
some oxides will decompose under evacuated conditions. The light violet 
film that forms on thallium during exposure to air was observed to dis­
appear on evacuation of the vaporization cell. In either event it is 
very necessary to consider the various possibilities of surface con­
tamination. Kubashewski and Hopkins (35b) have a very valuable text on 
oxidation and other gas-metal reactions. It is very difficult to estimate 
the error due to surface effects. The reproducibility of the data were 
taken as a check on consistent surface conditions = While this does not 
insure that the surface is entirely free of contaminants it does make 
the possibility of significant errors unlikely. In this respect it might 
be of interest to note that a group of investigators (32) has found that 
nickel evaporates nearly unimpeded through a layer of nickel oxide 
several microns thick. 
It is also desirable to check for possible volatile impurities or 
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spectrographic analysis of a typical condensate. In addition, for the 
purposes of this work some extremely oxidized lead and thallium were 
evaporated and it was determined that the rates of both of these samples 
were far below the rates obtained for the pure metals indicating that 
no errors were introduced due to volatile oxides. 
Under conditions where several runs are made with different alloys 
in order to determine the vapor compositions, and where the entire series 
is run simultaneously to obtain relative rates, the error due to temper­
ature is approximately 2$, the error caused by contaminated surface 
condition about 7$ (for lead-thallium) and the error due to the other 
factors mentioned about 1$. 
In addition, three other factors, which did not appear to be 
important to this study should be considered if the technique is to 
be used for other alloys. Large differences in surface tension could 
cause preferential occupancy of the surface by the component having the 
smaller surface tension. The values for the surface tension (6b) of 
lead and thallium are very similar. 
When vaporization rates are very high, there exists the possibility 
that diffusion of the more volatile component to the surface may be 
the limiting resistance to mass transfer. At the rates and duration of 
vaporization employed here sometimes as few as 1000 layers of atoms are 
vaporized. Diffusion for these conditions is difficult to define. The 
rate of mass transfer is proportional to the concentration gradient. If 
the length along which diffusion occurs is small, the denominator of 
the concentration gradient is small. This in turn makes the rate of mass 
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transfer large even when the concentration amerenue as small. lucre-
fore the surface composition should not differ from that of the bulk. 
Finally, the question of vaporization coefficients must be con­
sidered. To the writer's knowledge only one study of thermodynamic 
activities utilizing the Langmuir evaporation technique has been re­
ported (20a). These investigators do not treat the question of the 
vaporization coefficient. In addition, there are many studies which 
have utilized evaporation from an open surface for vapor pressure deter­
minations and these workers invariably assert that the condensation 
coefficient is unity. On the other hand there are the physicists who 
have related the vaporization coefficient to an activation energy for 
evaporation and this group has conducted several experimental studies 
which give values of the vaporization coefficient which differ, some­
times by orders of magnitude, from unity. Littlewood and Rideal (38a) 
have presented an interesting paper which shows "conclusively" that all 
instances of evaporation coefficient determinations giving values less 
than one have resulted from conditions where heat flow to the surface 
of evaporation controlled the evaporation rate. These workers show 
that several of the materials which have vaporization coefficients less 
than one also have poor thermal conductivities. They appear to have over­
looked the two or three metals for which low condensation coefficients 
have been obtained. 
In this study, the rate of vaporization of lead was 4.4 x 10"^ g/cm^-
sec which was 70$ of the theoretical rate at 575 °C« The vaporization 
rate of thallium was 9.1 x 10--5 g/cm2-sec which was 96$ of the theoretical 
rate. Figure 4 is a plot of the vapor pressures and rates of evaporation 
Figure 4. Vapor pressures and rates of vaporization 
for thallium and lead (values from 
Dushman (16, pp. 697-698) ) 
fo 
lui 
Cr< 
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a low value of the vaporization coefficient. However, since there has 
been no very careful study of the vaporization coefficient for lead such 
an assumption would have little real basis. It is certainly possible 
that the vapor pressure data are too inaccurate to yield better agreement 
than 70$. According to Margrave (41): 
"A given investigator can usually reproduce vapor 
pressures by the methods described above [high 
temperature measurements above 500 °C] to + 10 per­
cent , and in optimum cases to better than + 2 per­
cent . Different investigators, even with very pure 
samples, often disagree by 25 to 50 percent on vapor 
pressures and as much as 10 percent on heats of 
vaporization." 
The above statement refers to high temperature measurements (above 
500 °C) * From the Zj> variation in heats of vaporization for lead ob­
tained by different modern investigators, it is not unreasonable that 
deviations of 30$ in the magnitude of the vapor pressure could be obtained. 
In spite of the fact that the rates of vaporization obtained by 
experiment give values of the vaporization coefficients that are approxi­
mately unity, there is still one very important conclusion that can be 
drawn from the experimental data regarding the vaporization coefficient. 
This regards the possible variations in the vaporization coefficient 
which might take place when the component is present in the alloy. In 
developing Equations 35 and J6, it was assumed that the condensation 
coefficient was unity for both components in both the pure metals and 
the alloys. However, it would be possible that the vaporization co­
efficient was altered due to the presence of the other component. The 
ratio of the vaporization coefficient in the alloy ( a') to that in the 
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1 
yTl 1+ x 7W° J pb 
C(a'/a°) x /w°l xi 
(37) 
tlxis shows that the concentration of the vapor would be altered in the 
event that any variation of the vaporization coefficient with composition 
took place. A sensitive measure of this quantity would be obtained by 
the calculations in Table 5» Inclusion of vaporization coefficient 
variations would give the form: 
Consequently, the effect of any variation in vaporization coefficient 
with concentration would alter the values of the activities (since the 
coefficient of the pure component is unity). The agreement between 
the experimental values of the activities and those obtained by e.m.f. 
measurements demonstrates that no variation of the vaporization co­
efficient occurs as a result of alloying within the limits of experi­
mental error (55°). 
One additional precaution should be observed in any experimental 
study which depends on either absolute or relative vaporization rate 
measurements. This concerns the atomicity of the metal vapors. Metals 
such as bismuth antimony, tellurium, selenium and arsenic have been 
shown to exist in the vapor in two or more species. In the system lead-
thallium, there have been no attempts to establish the absence of 
association for thallium. Lead has been found to exist as Pb and Pbg. 
However, the JANAF tables (30) state: 
(38) 
"Fr * h" rwocenrp. t.hft free energy function 
of Pb (g) and Pbg (g), and the dissociation energy 
of Pt>2 (g) it appears that below the boiling point 
the amount of Pbg (g) in the vapor is negligible." 
A proposed method for obtaining thermodynamic activity measurements 
for systems with one volatile component of low vapor pressure 
The use of the simultaneous vaporization technique to check the 
consistency of the data of the separate runs on the various lead-
thallium alloys met with such success that it became apparent that the 
same principle could be used to completely characterize the activity 
data of an alloy system by a single reproducible experiment. The major 
limitation of vapor pressure measurements as a tool for thermodynamic 
data evaluations lies in the difficulty of reproducing the conditions 
for each run. However, for any alloy system which has a large difference 
in vapor pressures (approaching two orders of magnitude), and for which 
clean liquid surfaces can be obtained, it is possible to simultaneously 
subject several alloys (and the pure components) to a molecular vapor­
ization and to obtain the respective activities of the various alloys. 
The values of the activities would simply be the ratio of the weight 
loss of the alloy to that of the pure volatile component. The following 
conditions must be met : 1) the vapors must be monatomic (a correction 
can be made for systems for which the ratios of the associated species 
are known as a function of pressure), 2) the vaporization coefficients 
must not be a function of composition, 3) the vapor pressures must be 
—2 
approximately 10" mm Hg or lower. 
A typical example of a system for which such a technique is appli-
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activity data for the system have not been reliably determined by 
experiment. This situation exists for many metals which have similar 
electropositivities and which therefore do not give reliable e.m.f. 
measurements. Time permitted a brief experiment with the lead-tin 
system and values of the activities were determined for lead mol fractions 
of 0.46 and 0.27. The values obtained at 680 °C were Sq ^  py = 0.65 
and a0i27 Pb = 0.50. 
Because large vapor pressure differences are the rule for metals 
the technique should be widely applicable. The use of graphite as a 
container is especially suitable because of the high thermal conductivity 
of graphite. Reactions with graphite of the metals to be studied should 
be checked. This technique eliminates the problem of reproducibility 
of measurements for activity determinations by vapor pressure techniques 
and should be capable of yielding accuracies of 1$ provided that none of 
the restricting conditions are violated. 
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The characteristics of the apparatus of Figure 1 have been shown 
to be favorable for the molecular evaporation of a metal or alloy at 
pressures below 10"^ mm Hg and at temperatures up to 800 °C. 
The technique of simultaneous vaporization of samples is an in­
valuable method for studying the various factors effecting evaporation 
rates. 
The lead-thallium system has been investigated and the following 
values obtained for the activities of thallium: 
mol fraction thallium in liquid activity 
0.18 0.14 
0.38 0.33 
0.58 0.54 
0.79 0.775 
The rate of vaporization of thallium was equal to the theoretical 
rate at 575 °C within experimental error, indicating that the vapori­
zation coefficient for thallium is approximately unity. The agreement 
of the thallium activities with those of e.m.f. measurements implies 
that the vaporization coefficient does not vary with the composition of 
the alloy. 
An improved method for the measurement of thermodynamic activities, 
based on the technique of simultaneous vaporization of a series of alloys, 
should provide activity data of high accuracy (1$) under the proper 
experimental conditions. 
Further work with the vaporization cell could be improved by a 
more accurate means of temperature measurement. This could be accomp­
lished by placing the thermocouple in direct contact with the graphite 
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crucible. The leads for the thermocouple could be brought out through 
a tube at the bottom of the vaporization cell. At a point below the 
hot zone the leads could be passed through a vacuum seal and connected 
to the measuring instrument. 
Very little is known about the accurate determination of vaporization 
coefficients. The significance of this quantity has not been conclu­
sively established and attempts should be made to duplicate some of the 
data on low vaporization coefficients. Such studies would be of im­
portance not only to the study of dynamic vapor pressure measurements 
and corresponding thermodynamic studies but also to a clearer under­
standing of the nature of the vaporization process. The next step would 
be one that has received no attention but which the writer feels would 
contribute considerably to the understanding of vaporization and vapor­
ization coefficients. This would consist of the study of the variation 
of a vaporization coefficient with a value less than unity as a function 
of liquid composition. This would best be performed by first treating 
a system with one component having a low vaporization coefficient with 
subsequent study of a system where both components had low vaporization 
coefficients. In both cases reliable vapor pressure data and activity 
data (by e.m.f. measurements) would be desirable. 
An attempt should be made to apply the technique of this work to 
metals which vaporize as associated species. Metals such as bismuth 
or antimony would be desirable for such work since vapor pressure data 
for these elements are tabulated in the form of the partial pressures of 
each of the species. 
It would be quite interesting to investigate the behavior of a 
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For a system such as lead-thallium in which the size of the molecules 
is similar one would expect the application of simple kinetic theory 
to hold. However, a binary system of a light and a heavy metal should 
exhibit the preferential return of the lighter molecules since there 
would be a greater tendency for the direction of these molecules to 
change as a result of collision. The heavier molecules, on collision, 
would maintain their momentum away from the surface. This phenomenon 
could be of considerable practical significance in vacuum distillation. 
A step beyond the preceding work would lead to the regime of inter­
phase mass transfer. Under these conditions a uniform vapor would exist 
at the condenser surface but net flow toward the condenser would be 
taking place. An attempt could be made to experimentally measure the 
maximum attainable rates and to compare these with those obtained from 
the theory of interphase mass transfer. Virtually no suitable experi­
mental data exists in this area, which appears to be one very appropriate 
to chemical engineering research. The current advances in large scale 
vacuum technology also make this field one of great practical importance. 
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Analytical Method for Lead-Thallium Alloys 
The method of analysis consists of precipitation of lead as the 
sulfate, analysis of the filtrate for thallium by titration with 
potassium brornate (reduction to bromide), recovery of the sulfate with 
a basic tartaric acid solution, and subsequent titration of the lead 
with BETA. Chemical assay of a pure lead condensate is carried out by 
direct titration with EDTA. Chemical assay of a pure thallium con­
densate is carried out by titration with bromate or EDTA. 
Solution of the condensate or of the metal samples results in a 
dilute nitric acid solution of the metals. Except for the samples of 
condensates for the short period runs, the quantities of metals in an 
aliquot (or total sample) usually total 50 to 100 mg. 
To the sample, 10 ml of concentrated sulfuric acid is added, and the 
solution is fumed to near dryness. The sample is then cooled, diluted to 
10 ml and filtered through a fine porous glass filter. The wash solution 
is 2$ sulfuric acid. 
The filtrate is then diluted to 100 ml, treated with SO£ for 2 min­
utes. After the solution is permitted to boil for 15 minutes, 10 ml of 
concentrated hydrochloric acid is added and the titration is performed at 
a temperature of 50 to 80 °C with 0.1K potassium bromate. The indicator 
is methyl orange which turns from orange to colorless at the end point. 
The titration can be carried out without removal of the lead sulfate 
precipitate. 
The lead sulfate can be dissolved on the porous glass filter with a 
85 
leu Leu iv «UIÙ ciuLIvu (1 cr 2 grzzr cf *- > - + ~  - i  « Ton mi <->f water 
and 5 ml of pH 10 buffer). The solution is pulled through the filter, and 
analyzed for lead by titration with 0.01M EDTA. The pH must be maintained 
at 10 with ario-chrome-black-T indicator. The use of the magnesium com­
plex gives a red to blue end point which exhibits a short transition 
region. The titration is carried out to the disappearance of pink. 
Ascorbic acid, which can be used to tie up thallium to permit the 
titration of indium with EDTA, does not quantitatively eliminate thallium, 
except possibly at very low concentrations, to permit the EDTA titration 
for lead. 
Pure thallium can be determined by direct titration with EDTA at 
a pH of 4. The indicator is xylenol orange. 
The analyses for lead were not always entirely satisfactory. In 
most cases the total sample weight was known (either directly or from 
weight loss during vaporization) so that a check was possible. In a 
few cases the thallium analysis and the total weight were used to cal­
culate sample composition. 
Care should be taken in the above analyses to use fresh indicating 
and complex!ng solutions. On standing a few days the indicators will 
not give good end points for the EDTA titrations. 
Element 
Sb 
T1 
Mg 
Mn 
Sn 
Si 
Cr 
Fe 
Ni 
Bi 
A1 
Ca 
Cu 
In 
Cd 
Zn 
Ag 
Pb 
Be 
Hg 
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Spectrograph!c Analysis oi i^eaa ana inaiimm 
Amount in lead Amount in thallium 
Lot analysis Lab analysis Lot analysis Lab analysis 
99.95+# 
0.0001 FT 0.0001 
0.0001 FT FT 
0.0001 FTx 
T - FT 
FT T 
0.0001 FT 0.005+ T-VW 
FTx 
0.001+ T T 
0.0001 FT FT 
99.99"*# 0.007+ W 
Symbol Meaning 
VW Very weak 
T Trace 
FT Faint trace 
Not detected 
x Interference 
Not investigated 
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Calculation of Mean Free Paths 
The equilibrium mean free path, X g, is given by the expression: 
J. 
•SÏ * <T 2 n x e • ZTTT 
(39) 
where or is the atomic diameter and n is the concentration in molecules 
per cc. The expression for n in terms of pressure and temperature is: 
n = 9.65 x 10^ x p^/T 
the atomic diameters (27) for lead and thallium are approximately 3«5 x 
10-8 cm and 4 x 10cm respectively. Substitution of these in Equation 
39 and simplification yields: 
for lead Xg = 0.019 (T/p^) 
for thallium X£ = 0.0146 (T/P^) 
Table 6 gives the values for the mean free path for lead and thallium 
at several temperatures. 
Table 6« Mean free paths of lead and thallium 
Temperature °C X g for lead, cm X g for thallium, cm 
550 156 8 
575 73 4 
600 34 2 
650 10 0.6 
700 3 0.2 
Calculation of Clausing Factors 
Crucible size - 0.635 cm diameter (inside dimension) 
1.587 cm height 
Crucible area - O.317 cm2 
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The length term in the Clausing factor expression corresponds to rne 
unfilled height of the crucible: 
L = 1,587 - weight of sample 
liquid density x area of crucible 
R = 0.3175 (the radius of the crucible) 
for lead at 575 °C: density (g/cnP) - 10.3 
L/R =5 - 0.97 x weight of sample 
for thallium at 575 °C: density - 10.7 
L/R = 5 - 0.93 x weight of sample 
For a given samnle weight, the value of L/R can be calculated for each 
of the components. Dushman (16) presents a curve of Clausing factor 
vs. L/R. Values of the Clausing factor are presented as a function of 
sa m p l e  w e i g h t  i n  F i g u r e  5. F o r  a l l o y s ,  a n  i n t e r p o l a t i o n  b e t w e e n  t h e  
two curves was used. 
Figure 5« Values of Clausing factors for lead and 
thallium samples - crucible size: 1/4" 
diameter by 5/8" height 
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